Levonorgestrel (LNG), a synthetic 19 nor-testosterone derivative, is widely used for emergency contraception. It is well known that LNG prevents ovulation only when given prior to the surge of serum luteinizing hormone (LH) during the periovulatory phase of the menstrual cycle. This observation suggests that LNG, given its contraceptive efficacy, has additional effects other than those affecting ovulation. In this study, we have evaluated the effects on human sperm functionality of uterine flushings (UF) obtained from women at day LH + 1 of a control cycle (CTR-LH + 1) and after receiving LNG (LNG-LH + 1) two days before the surge of LH. Human sperm from normozoospermic donors were incubated with UF and protein tyrosine phosphorylation, sperm motility, acrosome reaction as well as zona pellucida (ZP) binding capacity were assessed. A significant decrease in total motility and tyrosine phosphorylation accompanied by an increase on spontaneous acrosome reaction was observed when sperm were incubated in the presence of LNG-LH + 1. None of these effects were mimicked by purified glycodelin A (GdA). Moreover, the addition of UF obtained during the periovulatory phase from LNG-treated women or the presence of purified GdA significantly decreased sperm-ZP binding. The data were compatible with changes affecting sperm capacitation, motility and interaction with the ZP. These results may offer evidence on additional mechanisms of action of LNG as an emergency contraceptive.
Introduction
Levonorgestrel (LNG), a 19 nor-testosterone derived synthetic progestin, is widely used for emergency contraception. Several groups have demonstrated that LNG administration during the follicular phase delays or inhibits the midcycle preovulatory surge of luteinizing hormone (LH) leading to anovulation (Durand et al. 2001 , Croxatto et al. 2004 . However, supplementary mechanisms have also been proposed to support its contraceptive efficacy. Induction of changes by LNG within the female reproductive tract may detrimentally affect gamete physiology and fertilization. For instance, sperm capacitation is a process involving a series of modifications that enables sperm to fertilize (Aitken & Nixon 2013) . Since this process is modulated by molecules present in the female reproductive tract (De Jonge 2005) , it is likely that changes in the uterotubal secretions may in turn affect sperm physiology and therefore fertilization.
Besides its pregnancy promoting properties, progesterone (Pg) is the best known regulator of sperm capacitation in the female genital tract (DasGupta et al. 1994 , Kay et al. 1994 . Due to its Pg-like activity, LNG may act as Pg on sperm after binding to progesterone receptors and to CatSper calcium channels (Aquila & De Amicis 2014) . Indeed, previous investigations have shown that LNG induces dose-response effects on sperm physiology (Yeung et al. 2002 , Bahamondes et al. 2003 . However, no clear evidence exists on LNGmediated effects through changes in the female reproductive tract that could affect sperm functionality. Among the few studies on this regard, it is known that the administration of LNG to normal cycling women or through a LNG-releasing intrauterine device increases serum and uterine glycodelin A (GdA) concentrations (Mandelin et al. 1997 , Durand et al. 2005 . Interestingly, GdA of endometrial source is shown to inhibit spermatozoa binding to the zona pellucida (ZP) in vitro M Chirinos, M Durand and others 608 (Oehninger et al. 1995) . These observations suggest that the ability of LNG to induce environmental changes in the female genital tract, when given at the time of ovulation, might probably account for its contraceptive efficacy, particularly in those women remaining ovulatory after LNG treatment. The general aim of this study was to investigate the effects of uterine flushings (UF) obtained from control and LNG-treated cycles at the time of ovulation on several physiological parameters of human spermatozoa, including their binding to ZP.
Materials and methods

Participants
The study was approved by the Human Ethical and Scientific Review Committee of the Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán and all participants signed an informed consent form. Six healthy women in reproductive age, without pregnancy risk and with regular menstrual cycles between 25 and 34 days volunteered to participate in this study. None used hormonal contraceptives or any other medication within 6 months prior their admission to the study. Participants were in good health as determined by medical history, physical examination, and routine screening laboratory tests. Each woman recorded details of bleeding episodes throughout the study.
Study design
All participants were admitted during the first 10 days of their menstrual cycle. In the treated cycle, each woman received during the preovulatory phase 1.5 mg of LNG (Glanique; Asofarma de México, SA de CV, Mexico), divided into two doses 12 h apart, approximately two days before LH surge and corresponding to a leading follicle diameter between 16 and 19 mm as measured by transvaginal ultrasound. Women who did not present positive LH in urine during control cycles were excluded from the study. UF were obtained by insertion of an intrauterine insemination catheter (CORNE, SA de CV, Mexico) into the uterine cavity in order to flush 10 mL of physiological saline solution, that was followed by careful aspiration of the fluid with a 20-cc syringe. Aspiration procedure was repeated at least three times to ensure maximal sample recovery (Durand et al. 2010) . The UF were obtained at the time of follicle rupture (day LH + 1) in control and treated cycles and day LH + 12 in control cycles only. All samples were stored at −35°C until assayed.
Hormone and GdA assays
LH in urine was monitored by a commercially available kit (Ovuquick, Corne SA de CV, Mexico). Concentrations of Pg in UF were measured in duplicate by specific radioimmunoassay using commercial reagents (Diagnostic Products Corporation, Los Angeles, CA, USA). GdA concentrations in UF were determined by a sandwich-type immunofluorometric assay as previously described (Durand et al. 2010) . Its presence in UF was further investigated by Western blot analysis, using as primary antibody a monoclonal mouse anti-human GdA (Abcam) diluted 1:500, followed by a HRP-conjugated goat anti-mouse IgG. Antigen-antibody complexes were visualized by enhanced chemiluminescence (ECL; GE Healthcare) and images were acquired with a Chemi Doc XRS + Imaging System (Bio-Rad).
Semen samples processing for in vitro studies
Semen samples were obtained by masturbation from normozoospermic voluntary donors with 3-5 days of sexual abstinence. Ejaculates were allowed to liquefy at 37°C for 30 min and assessed using standard methods (World Health Organization 1999) . Semen aliquots of 0.25 mL were carefully overlaid with 0.8 mL of Hanks' Balanced Salt Solution (HBSS, without sodium bicarbonate) and incubated during 1 h at 37°C, in an atmosphere of 5% CO 2 in air with the tubes inclined at an angle of 45°, for swim-up separation. The uppermost 0.75 mL fractions with motile sperm were recovered and re-assessed for motility and concentration.
Sperm function analysis
Sperm samples, adjusted to 40,000 spermatozoa/µL, were incubated during 3 h at 37°C in the absence or presence of control or LNG-treated UF (0.5 mg/mL protein final concentration, diluted with HBSS) obtained at day LH + 1 (CTR-LH + 1 and LNG-LH + 1) and day LH + 12 or in the absence or presence of different concentrations of GdA diluted with capacitating medium (Human Tubal Fluid medium (Irvine Scientific, Santa Ana, CA, USA), supplemented with 0.3% human serum albumin and sodium pyruvate 1 mM). Pure GdA was kindly donated by Drs Markku Seppala and Riitta Koistinen and prepared from human amniotic fluid collected at 15-16 weeks of gestation (Riittinen et al. 1991) . Amniotic fluid was dialyzed against 50 mM NH 4 HCO 3 pH 8.3 and fractionated at room temperature on a DEAE-Sepharose CL-6B column with a linear NH 4 HCO 3 gradient (50-400 mM) pH 8.3, containing 2% isopropanol. Afterwards, sample was filtrated on a Sephadex G-100 column equilibrated with 20 mM sodium phosphate buffer, pH 8.0. Finally, sample was subjected to anion exchange chromatography using a gradient of 20-92 mM sodium phosphate, pH 8.0, containing 0.5% isopropanol, dialyzed against PBS, lyophilized and stored until use.
The effects of UF and GdA on sperm function were examined by protein tyrosine phosphorylation, sperm motility and acrosome reaction. Additionally, for all experimental conditions tested, cell viability was assessed at the end of incubations by the trypan blue dye exclusion test. Tyrosine phosphorylation was evaluated by Western blots as previously described . Immunodetection was performed using a monoclonal antibody against phosphotyrosine residues (anti-pY, 1:10,000, clone 4G10; Millipore). After three washes, membranes were incubated in the presence of HRP-conjugated anti-mouse IgG (1:4000) and detection was performed by enhanced chemiluminescence. Homogeneous protein loading was checked by re-probing membranes with a polyclonal anti-β-tubulin as primary antibody (anti-tub;
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Sigma-Aldrich) and densitometry analyses were performed using the ImageJ software. Results were expressed as the relative density of phosphotyrosine/β-tubulin (pY/tub) and values obtained in the absence of UF or GdA were arbitrarily set as 1 to normalize each experiment. For motility assessments, 10 µL aliquots of incubated sperm samples were analyzed under a phase contrast microscope at ×400 magnification and spermatozoa motility was classified as progressive, non-progressive or immotile according to WHO criteria (World Health Organization 1999). The percentage of spermatozoa motility was determined as described before (Caballero-Campo et al. 2006) . Acrosome reaction was assessed in 10 µL aliquots of incubated sperm. After washing with PBS, samples were fixed in 70% ethanol and smeared on poly-l-lysine pre-treated slides. Subsequently, spermatozoa were incubated with rabbit polyclonal antibodies against acrosin (Santa Cruz Biotechnologies), diluted 1:50 in 1% PBS-BSA. Immunocomplexes were visualized by the use of a FITC-labeled goat anti-rabbit IgG (Zymed, San Francisco, CA, USA). The percentage of acrosome-reacted sperm was determined after double blinded scoring of at least 200 cells under a fluorescence microscope (Gallo et al. 1991) .
Hemizona assay
The hemizona binding assay was performed as previously described (Burkman et al. 1988 , Saldivar-Hernandez et al. 2015 . Briefly, unfertilized oocytes from women undergoing ovarian stimulation for assisted reproduction treatments were used as the source of ZP′s that were micro-bisected into two equal hemizonae in capacitating medium. On the other hand, sperm samples were processed as described above, incubated for 4 h under capacitating conditions and further preincubated for 30 min in either control or test UF (CTR-LH + 1 and LNG-LH + 1 respectively). Each ZP half was incubated with 5-7 × 10 4 control or test pre-treated spermatozoa for 4 h at 37°C in an atmosphere of 5% CO 2 in air. After washing by vigorous pipetting in fresh medium, the numbers of tightly bound spermatozoa on the outer surface of the hemizonae were counted under a phase-contrast microscope. The results were expressed as the hemizona index (HZI), defined as the ratio of the number of test spermatozoa bound to one hemizona to the number of control spermatozoa bound to the matching half multiplied by 100. As a control, parallel hemizona assays were performed using GdA-pre-treated spermatozoa or sperm without pre-treatment in capacitating medium.
Statistical analysis
Data are presented as means ± s.e.m. Experimental groups were compared using ANOVA and the Tukey's multicomparison test as post hoc test using the GraphPad Prism 5.0 software. For hemizona experiments, data are expressed as mean ± s.d. and differences were established by the paired sample t-test. A probability value <0.05 was considered statistically significant. 
Results
Menstrual cycle and sperm sample characteristics
In all cases, follicular rupture took place with no significant differences between control and LNG-treated cycles. However, treatment with LNG two days before LH surge reduced the mean cycle length at expenses of shortening the luteal phase duration. Analysis of semen samples from donors, particularly sperm morphology, motility and sperm concentration, were in agreement to normal reference values according to the WHO guidelines.
Effects of UF on sperm function
The main outcome variables studied on sperm samples treated with UF from control or treated cycles were sperm viability, protein tyrosine phosphorylation, sperm motility and spontaneous acrosome reaction.
Sperm protein tyrosine phosphorylation was used as a marker of sperm capacitation and changes in this parameter were evaluated by Western blots. Figure 1 shows the immunostaining pattern (panel A) and densitometric analysis (panel B) of proteins resulting when sperm were incubated in the presence of UF from control or LNG-treated cycles. As shown, a clear and significant increase in tyrosine phosphorylation was observed when sperm were incubated with UF from control cycles at day LH + 1 (CTR-LH + 1) when compared to the negative control incubation in the absence of UF. In contrast, UF from LNG-LH + 1-and CTR-LH + 12-treated cycles did not stimulate protein tyrosine phosphorylation, displaying similar intensities to that obtained in the absence of UF. No immunoreactivity was observed when Western blots were incubated in the absence of the primary antibody (data not shown).
Motility, a remarkable variable of functional sperm, was studied after incubations of sperm samples in the presence of UF obtained at the day LH + 1 and LH + 12 in control cycles (CTR-LH + 1, CTR-LH + 12) or with UF from LNG-treated cycles at day LH + 1 (LNG-LH + 1). As depicted in Fig. 2 , incubations of cells in the presence of UF from LNG-LH + 1 resulted in a significant increase of the immotile sperm fraction when compared to incubations in the presence of UF from CTR-LH + 1 (from 30% to 49%). This increase was at the expense of the progressive sperm fraction as non-progressive sperm percentages remained unaltered. No significant effects were observed on motility with UF from CTR-LH + 12 or in the absence of UF when compared to CTR-LH + 1.
Incubations with UF obtained from LNG-LH + 1 resulted in a significant increase in the acrosome reaction rate when compared to spermatozoa incubated in the absence of UF (40.7% vs 20.1%, P < 0.05) (Fig. 3A) , while no differences were observed in the presence of CTR-LH + 1 or CTR-LH + 12. As Pg is a natural agonist of sperm acrosome reaction and therefore may be responsible of the acrosome reaction increase observed in the presence of LNG-CTR + 1, the concentrations of this hormone in the UF were assessed (Fig. 3B) . No significant differences in the Pg content of the UF were observed, indicating that Pg was not involved in the acrosome reaction induction observed in the presence of LNG-LH + 1. Under all experimental conditions, sperm viability was similar in the presence or absence UF obtained from control or LNG-treated cycles. Viability values were always above 90%.
Effects of LNG administration on GdA content in UF obtained
In LNG-treated cycles, the concentration of immunoassayable GdA in UF taken three days after the administration of the drug was significantly higher than that observed in CTR-LH + 1 (297 ± 200 vs 4.66 ± 1.72 ng/mg of protein respectively; P < 0.05). Besides, CTR-LH + 12 also showed an anticipated significant increase in GdA concentrations when compared to CTR-LH + 1 (Fig. 4A ). In addition, we analyzed UF from CTR-LH + 1, CTR-LH + 12 and LNG-LH + 1 by Western blots using a specific primary antibody against human GdA (Fig. 4B) . As can be seen, preovulatory administration of LNG was accompanied by an increase of GdA in UF from LNG-LH + 1. As expected, and used as an internal control, the presence of GdA was particularly high in UF from CTR-LH + 12. It is also shown that the immunoreactive bands had an electrophoretic mobility with apparent Mr of approximate 26 kDa, similar to that of the pure human GdA standard preparation.
Effects of GdA on sperm physiology parameters
In order to investigate whether the GdA present in UF from LNG-treated cycles may account for the described effects on sperm parameters, we incubated spermatozoa in the presence or absence of increasing concentrations of a purified preparation of human GdA. As shown in Fig. 5 , none of the GdA concentrations tested affected in a significant manner protein tyrosine phosphorylation (A), total sperm motility (B) or the percentages of acrosome-reacted sperm (C).
Effects of UF and GdA on sperm-ZP interaction
As GdA is found to inhibit the binding of spermatozoa to ZP, we investigated if UF from LNG-LH + 1 could affect the sperm-ZP interaction. A significant 42% decrease in the hemizona index was observed in the presence of UF from LNG-LH + 1 when compared to CTR-LH + 1 (Fig. 6) . A pure GdA preparation was also used as a positive control of the assay, showing the anticipated reduction in sperm-ZP binding.
Discussion
Fertilization is the result of a series of crucial steps that ends in successful interaction of a sperm with an oocyte. This process comprises sperm transport from the cervix to the oviduct ampulla, interactions with the cumulus oophorus, including ZP binding and penetration, and finally, fusion of the sperm with the oocyte. This entire pathway is regulated by molecules produced and secreted in the female reproductive tract (Kirton & Hafs 1965) . Previous investigations indicated that reproductive fluids such as follicular fluid (Caille et al. 2012 ) and human oviductal tissue-conditioned medium (Zumoffen et al. 2010 ) modulate sperm capacitation, and in the porcine model, such modulation diverges whether sperm are exposed to pre-, peri-or post-ovulation oviductal fluids (Tienthai et al. 2004) . In this study, we tried to understand how a preovulatory-given progestin may or may not affect sperm physiology by exposing these cells to secretions from the female internal genital tract. Interestingly, this is one of the few studies showing how the female genital tract environment might affect the processes aimed at rendering a fertilizing spermatozoon in women receiving LNG, a synthetic-like progestin. Moreover, the results presented herein indicate changes in sperm functionality that might impact spermatozoafertilizing ability in women treated with LNG.
An interesting new finding in this study was the ability of UF from CTR-LH + 1 to increase sperm protein tyrosine phosphorylation, an observation that was not reproduced in sperm incubated in the presence of LNG-LH + 1. This observation suggests that treatment with LNG may alter the process that provide competent spermatozoa when reach the oviduct ampulla. The reason for this observation cannot be ascertained from the results presented in this study. However, it is known that normally glycodelin S (GdS) from seminal plasma covers the spermatozoa during ejaculation preventing premature activation in the female genital tract (Chiu et al. 2005) . In order for capacitation to proceed, GdS must be removed from sperm surface and UF from LNG-LH + 1 may not be as efficient as CTR-LH + 1 in doing so. In addition, it is known that LNG affects sperm migration through the cervical mucus (Spona et al. 1975) , as well as sperm motility, acrosome reaction and zona pellucida binding, particularly when incubated at high concentrations (Yeung et al. 2002 , Bahamondes et al. 2003 , Munuce et al. 2006 . However, LNG given as in emergency contraception reaches a maximum concentration in serum 2 h after administration (Landgren et al. 1989 , Johansson et al. 2002 . Although we did not measure LNG concentrations in UF, we consider that LNG in fluids collected three days after treatments were for sure negligible. Therefore, Figure 6 LNG-LH + 1 and GdA effects on sperm-ZP interaction. Hemizona assays were performed in order to evaluate sperm ability to interact with human ZP after treatments. Results were expressed as the hemizona index (HZI). For LNG-LH + 1 experiments, control hemizonae were incubated with spermatozoa pre-treated with the corresponding CTR-LH + 1 UF (n = 3), while control hemizonae for GdA evaluations were incubated with spermatozoa in capacitating medium (n = 2). *P < 0.05 vs control. HZI = (number of test spermatozoa bound to one hemizona/number of control spermatozoa bound to the matching hemizona) × 100. we suggest that the effects observed on sperm function should be mediated by changes occurring in the female genital environment after LNG treatment rather than by the progestin itself. Herein, we have shown that sperm incubated in the presence of UF from LNG-LH + 1 had a significant increase in the immotile sperm fraction, suggesting that LNG treatment may be associated with lower motility and hence lower fertilization rates. Furthermore, a significant increase in the acrosome-reacted sperm fraction was found in the presence of LNG-LH + 1 when compared to CTR-LH + 1 and CTR-LH + 12. These results were independent of Pg concentrations in UF, indicating that factors other than this hormone are taking place. In order to fertilize, sperm acrosome reaction must occur in the vicinity of the cumulus-oocyte complex, either during cumulus penetration or at the surface of the ZP (Buffone et al. 2014) . Indeed Pg, a natural inducer of capacitation and acrosome reaction (Baldi et al. 2009 , is produced by the cumulus oophorous and is secreted to the follicular fluid in micromolar concentrations (Wen et al. 2010) . Instead of this scenario, our observations indicate that, in the presence of Pg-like mediated effects of LNG, a premature acrosome reaction occurring during uterine residency could render a portion of spermatozoa unable to fertilize.
We have previously shown that LNG administration prior to follicle rupture is associated with an increase in serum and intrauterine concentrations of GdA at the time of ovulation (Durand et al. 2010) . Our results confirmed that even in the presence of high concentrations of GdA in UF from LNG-LH + 1, this glycoprotein does not account for the effects observed on the various sperm physiology parameters studied. Indeed, with the exception of the sperm-ZP interaction, which was significantly inhibited in the presence of LNG-LH + 1 and purified GdA, none of the GdA concentrations studied affected sperm tyrosine phosphorylation, motility and acrosome reaction, results that agreed with previous investigations (Oehninger et al. 1995) . Nevertheless, we cannot rule out that other LNG-dependent mechanisms, including the expression of other glycodelin species with differential biological activities, may be involved.
To our knowledge, this is the first evidence suggesting LNG-derived effects on the female reproductive tract environment involved in sperm function changes that could impair fertilization. The molecules responsible for such effects have not been identified and require further investigations, but our results support the existence of additional contraceptive mechanisms of LNG other than those affecting ovulation.
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